One of the most important factors affecting the aerodynamic performance of the aircraft is lift-induced drag caused by wingtip vortices. This study describes the winglet design and analysis for solar-powered unmanned air vehicle (UAV). The motivation of this study is designing elliptical winglet to explore efficient shapes using multiple winglet parameters such as cant angle, sweep angle, taper ratio, toe angle and twist angle. The aim was to investigate the performance of parameters that constitute the winglet and to find the best elliptical winglet design which has the highest L/D ratio according to design parameters by using computational fluid dynamics. The aerodynamic characteristics of lift coefficient (C L ), drag coefficient (C D ) and lift to drag ratio (L/D) were compared for 39 different winglet models for cruise conditions of UAV. Analyses showed that, elliptical winglet increased L/D ratio on the order of 8.32% compared with the baseline wing.
Introduction
Since the aviation industry began, the development of aircrafts has been continuous. Economical (fuel prices) and environmental concerns are some of the most important factors that force the aviation industry to develop. In this fashion, companies and universities have done a lot of work in each field such as aerodynamics, structure, propulsion and control mechanism to enhance the aircraft performance (Falcao et al., 2011) . There are a number of studies that have been done to increase aerodynamic performance of aircrafts by optimising the wingtip shape. About the blended winglet, El Haddad and Gonzalez (2016) have done research for Dassault Falcon 10 business jet aircraft. Winglet span and cant angle were investigated as a design parameters. Vortex lattice method (VLM) was used to optimise and to obtain the best winglet configuration calibrated with respect to the wind tunnel data. According to results, the best designed winglet reduced the drag by approximately 4.8% at Mach 0.7 and reduced by about 2.5% at Mach 0.8. At 0.8 Mach, range was increased as 4.3%, and fuel burn is reduced by 3.9%. Also, it was observed that maximum range increased by about 3.3% and fuel is saved by about 3.8%. Designing of a morphing wingtip, Cooper et al. (2015) have done a research about the performance of a morphing chiral wingtip devices that applied to a regional jet type. By using chiral-type internal structure, adaptive wingtip concept was improved enabling controlled cant angle, chamber and twist along the flight envelope. The aim of this study was to get the optimal configuration at different flight phases in an adaptive manner by parameterising the cant angle, twist angle and camber profile. Viscous-coupled VCFlite3D code was performed to determine aerodynamic characteristic of models. Also it was studied that how chiral structure eases the required shape adjustment in terms of cant, twist and chamber. Results showed that, using the morphing wingtip, 2% fuel reduction was provided. Panagiotou et al. (2014) have done investigation about the winglet optimisation study for medium-altitude long-endurance (MALE) unmanned air vehicle (UAV). Five different blended winglet types were designed using PSU 94-097 airfoil. These configurations have four different cant angles (50°, 60°, 70° and 90°), and each design has different winglet spans and heights from each other. They were compared with the baseline wing in terms of aerodynamic efficiencies. Numerical analysis was performed using computational fluid dynamics (CFD) for UAV loiter conditions (140 km/h and 2,000 m) at various angles of attack (α) (−8 to 16). As a turbulence model, Spalart-Allmaras was used. According to results, the winglet with cant angle 60° has the best aerodynamic efficiency, and it increased the flight time 1 h (10%). Moreover, the winglet affects the longitudinal stability of UAV positively but provided no effect on stall angle. Beechook and Wang (2013) have done research for the winglet that has cant angles 0°, 30°, 45° and 60°. Four different wing-winglet configurations were performed using NACA 65 2 218 airfoil section. In this study, both experimental (wind tunnel tests, at sea level condition and free-stream velocity of 35 m/s) and computational analyses (ANSYS CFX, Spalart Allmaras tubulence model) have done, and results were compared. According to these results, elliptical winglet that has cant angle 45° was found to be the most efficient configuration and produced the highest lift. It improved the lift curve gradient by 8%. Moreover, the winglet with cant angle 60° produced less lift as 12% than the winglet with cant angle 45° according to CFD results.
Wingtip is a device invented to improve the aerodynamic efficiency of aircraft by reducing induced drag and tip vortex. Without adding great structural stress and weight, winglets increase the effective aspect ratio of a wing (Azlin et al., 2011) . Besides the aerodynamic improvement, wingtips improve aircraft handling characteristics (Faye et al., 2002) . Today, various wingtips can be seen on almost all the commercial aircrafts such as Boeing and Airbus aircraft series to increase range and endurance by reducing induced drag effects. Especially for long endurance UAV, reduction of tip vortex and induced drag leads to an increase in the endurance and range as well.
Winglets are small wing-like structures at the wingtip used to enhance the aerodynamic efficiency of aircraft by decreasing the induced drag (Hossain et al., 2011) . Cant angle, sweep angle, taper ratio, toe angle, twist angle, airfoil section, height, span and blend radius (for blended winglet) are the parameters that constitute winglet shape shown in Figure 1 . Motivation of this research is to explore efficient shapes of winglets using multiple winglet parameters for specific conditions of UAV because there are few studies that use multiple winglet parameters on low-altitude UAVs.
This research has two objectives. The first aim was to investigate the performance of parameters that constitute the winglet in terms of aerodynamic efficiency. When one parameter changes, how it affects aerodynamic characteristic of a winglet, which parameter has more dominant effect and which parameter has less dominant effect are under question in this study. For this reason, in the first step, three different cant and sweep angles and three different taper ratios were chosen to observe the aerodynamic performance of them. Then, toe and twist parameters were applied separately to the winglet that has the best L/D values in the first step. Totally 39 different elliptical winglets were designed and analysed. The second aim was to find the best elliptical winglet design which has the highest L/D value according to design parameters. After that, aerodynamic characteristics were compared by performing CFD analyses of the baseline wing and the wing with elliptical winglet at various angles of attack.
Winglet design
To obtain the intended aerodynamic performance over the wide range of operation of an aircraft, it is important to design a new winglet for every application (Maughmer, 2006) . According to the winglet design parameters, 39 different winglets were designed. First of all, three different cant angles, three different sweep angles and three different taper ratios were studied in a triple combination with each other (27 models). After that, the winglet that has the best L/D ratio was chosen to investigate toe and twist parameters. Then, six different toe angles and six different twist angles were deployed separately as represented in Figure 2 . Ultimately, the winglet that has the best L/D was picked out to compare its aerodynamic efficiency with the baseline wing. This study shows a different design approach. When generating cant angle (dihedral angle) of the winglet, there is a transition region between the wing and the winglet. Two identical ellipses were used to make this transition area smoother when investigating different cant angles, and hence, aerodynamic effects were tried to be reduced. The transition area between the wing and the winglet is very crucial in terms of formation of wave drag especially at high cant angles (El Haddad and Gonzalez, 2016) .
Cant angle
Cant angle is a determinative and the most important winglet parameter to assess the aerodynamic efficiency of the wing and the winglet. As Takenaka et al. (2008) stressed in his work, cant angle and span length have dominant effect for drag reduction. In this study, cant angle is the decisive parameter that determines the shape of the winglet. As can be seen from Figure 3 , two same ellipses were used to obtain cant angles and guide curves of the winglet. Compared with blended and elliptical winglets with this design, it differs at some points. For example, there is no fixed bending radius. Instead of this, the vertical ellipse (fixed ellipse) forms transition region between the wing and the second curve (rotated ellipse) in a variable radius. A further point rotated ellipse builds the second region of the curve and adjusts the perpendicularity of it in a different way. In this way, according to the vertical ellipse rotation or cant angle, consecutive lines were formed. This formed curve constitutes the winglet's front and rear guide curves and takes final shapes depending on the other parameters. Three different cant angles were generated by rotating one of the ellipse (second ellipse) for 45°, 60° and 90° (90° means no rotation). As a result of these rotations, corresponding cant angles were formed between guide curves and horizontal axis 59.4°, 69.3° and 90° as shown in Figure 4 . Because of its shape, ellipse can rotate maximum 42° while creating cant angle. After 42° degree, vertical fixed ellipse and rotating ellipse cannot intersect tangentially. Therefore, 45° ellipse rotation with its corresponding cant angle of 69.3° is the minimum angle that can be tested. 
Taper ratio and twist angle
After determining the winglet guide curves depending on the cant angles, taper ratio and sweep angle parameters were studied. Aircraft static directional stability increases with the winglet sweep angle (Conley, 1980) . Because the winglet's leading edge sweep angle changes the winglet taper ratios, aft sweep angle was used as a design parameter, and it is shown in Figure 5 . Three different taper ratios (λ = 0.2, 0.3 and 0.4) and three different sweep angles were utilised (Λ = 0°, 15° and 30°). 
Twist and toe angle
After studying cant angles, sweep angles and taper ratios, twist angles and toe angles were tried separately for the winglet that has the best L/D ratio in 27 configurations. Twist angle is utilised to provide a uniform load distribution on the winglet. Toe angle is used to achieve an effective lift force in different flight conditions (Weierman and Jacob, 2010) . Twist angle was created by rotating the winglet tip airfoil section around the axis passing through the quarter chord of the winglet tip airfoil as shown in Figure 6 . Six different twist angles were utilised (−5°, −3°, −1°, 1°, 3° and 5°). After the forming of twist angles, the curves (guide curves) were used to create the main shape of the winglets must be modified because of the change of the winglet tip airfoil section's angle of attack. The winglet was rotated to the vertical lines passing through the wingtip leading edge and the trailing edge points to generate toe-in and toe-out angles as shown in Figure 7 . In this study, six different toe angles were utilised (−5°, −3°, −1°, 1°, 3° and 5°). As was done with the twist angle, after the rotation of the winglet, the original guide curves must be readjusted. 
Winglet height, span and airfoil
As Jansen et al. (2010) stressed in his work, when considering aerostructural optimisation approach if there is a span constraint, wing with winglet is the optimal design. In the current UAV specifications, there is a wing span constraint up to 5 m. Depending on this constraint, winglet span was set as the maximum value to 250 mm (wing span of UAV is 4.5 m). Unlike the other design parameters that were used in this study, winglet span was kept constant for all conditions even other parameters change. Because of structural weight, parasite drag and solar cells (shadow effect), winglet height was not adjusted excessively. It was set 350 mm as a maximum (equal to chord length), and it varies depending on the change of the cant angle. Because the UAV's wing operates at low Reynolds number regime (3.1 × 10 5 ) and the wing airfoil was selected for low-speed conditions, airfoil design and selection have not been performed.
Numerical analyses
Numerical analyses were performed with a high-performance computer having 120 processors using eight clusters.
Enclosure volume
Flow domain was created using CATIA. Two different volumes were defined, and one of them was created for body sizing (to form smaller elements around the wing and the winglet for a better convergence). As can be seen from Figure 8 , enclosure volume sizes are identified according to the wing chord size. Inlet 1 and inlet 2 were defined as velocity inlet with 14 m/s velocity. Free stream velocity was defined perpendicular to the inlet-1 surface and for inlet-2 surface, and it was defined parallel to surfaces. 
Mesh refinement
Mesh refinement calculations were done on the baseline wing. As can be seen from Table 1 and Figure 9 , four different mesh sizing were performed. For the following CFD runs, fine mesh was selected for all calculations to keep the duration of solutions short. 
Results
CFD results showed that the winglet which has cant angle of 59.4° (rotation 45°), sweep angle Λ = 30° and taper ratio λ = 0.2 was found to be the best designed configuration which has the best L/D ratio of 23.762. After that, toe and twist angle were implemented to the best configuration. As can be seen from Table 2 , CFD results showed that toe-out angle 3° has the best L/D ratio (23.864) among the others. As a result, as can be seen from Figure 10 , cant angle of 59.4°, sweep angle Λ = 30°, taper ratio λ = 0.2 and toe-out angle of 3° was found to be the best designed (the highest L/D) winglet when compared with other configurations. It was observed that, although cant angle has major effect on variation of C L , C D and lift force, taper ratio has the significant effect on variation of L/D values. Twenty-seven different models were compared in terms of aerodynamic efficiencies with the baseline wing. It was found that all the wings with winglet models revealed better efficiencies as expected. As a result, cant angle of 59.4°, sweep angle of 30° and taper ratio of 0.2 demonstrated the highest L/D ratio. In first 27 analyses, cant angle, sweep angle and taper ratio were investigated according to aerodynamic efficiencies, and cant angle of 59.4°, sweep angle of 30° and taper ratio of λ = 0.2 were found the best designed winglet configuration in terms of the highest L/D value. As a second analysis part, toe and twist angles were implemented separately to the winglet that has the best L/D ratio among the first 27 analyses. Figure 13 shows variation of toe-in and toe-out angles' effect on C L , C D and L/D ratio. C L demonstrated decreasing behaviour from toe-in angle (−5°) to toe-out angle (5°). Although toe-in angle forms maximum C L with the increase of 2.54% according to zero toed winglet, toe-out angle causes C L reduction as 2.44%. Likewise, C D also reduced when toe angle changes from −5° to 5°. C D received the highest value with the increase of 4.21% at the toe-in angle and obtained the minimum value at the toe-out angle with the 2.08% reduction. However, L/D ratio decreased from the toe angle 0° to the toe-in angle and got the lowest value with 1.71% reduction. Also, L/D increased with the toe-out angle increment and received the highest value at the toe-out angle 3° with 0.43% increase. The toe-out angles improved the L/D ratio better than the toe-in angles. This happens because whereas the toe-in angles increase the trailing edge surface of the winglet (separated flow), the toe-out angles increases the leading edge surface of the winglet (more attached flow). As a result of this, more drag reduction occurs at toe-out angles. Moreover, when the winglet toed out, negative incidence occurs according to the flow direction. This also affects positively to the drag reduction. Figure 14 demonstrates the variation of C L , C D and L/D ratio of the best case depending on the twist angle change. C L and C D increased with the increase of negative twist angles and decreased with the increase of positive twist angle (except twist angle 1°). C L and C D received the highest value at twist angle of −5° as 0.32 and 0.92% and obtained the lowest value at twist angle of 5° as 0.07 and 0.23%, respectively. L/D value received the highest value at twist angle of 5° as the increase of 0.16% and got the lowest value at twist angle −5° as 0.61% reduction. It was concluded that toe-out angle of 3° showed the better improvement in terms of the increase of L/D. Thus, according to the design algorithm, the winglet that has cant angle of 59.4°, sweep angle of 30°, taper ratio of 0.2 and toe-out angle of 3° was found to be the best designed configuration in terms of having the highest L/D ratio. Fluent results showed that the best-designed winglet configuration increased the L/D ratio as 8.32% when compared with the baseline wing. As can be seen from Table 3 , the best case was also compared with the baseline wing, which has the same reference area of it. Results reveals that the best case has better efficiency by approximately 1.76% lift and C L increases. Also, L/D value is 5.21% higher due to the lower C D value decreased by 3.51%. A further point, the best case was also compared with the wing that has the same span of the wing with winglet model to observe what would happened if 2.5 m semispan wing had been used instead of using the wing with winglet model. Results showed that the best case again showed the great improvement according to the same span baseline wing in terms of aerodynamic efficiencies. Although the lift force is less than the same span wing as a small amount (0.93%), the best case has the better C L , C D and L/D values as 1.36%, 3.13% and 4.45%. Figures 15 and 16 show that the behaviour of L/D, C L , C D , drag polar and stall characteristic of the baseline wing and the best case at different angles of attack. As expected, the best case has positive effects on C L and C D . Wing extension due to the winglet had no effect on stall angle characteristic. Figure 17 shows the pressure variation on the baseline wing and the best case. Depending on the wingtip vortex, lift distribution was reduced on the baseline wing wingtip although it approaches elliptic lift distribution on the best case. Vorticity magnitude in the vortex wake region of the flow was visualised by generating different planes at different distances. Figures 18 and 19 show that, the baseline wing had the highest vorticity magnitude at all planes behind it when comparing with the best case configuration. The plane at 0.5 m downstream of the wing revealed that strength of the vorticity is so high in both the baseline wing and the best case. The strength of the vorticity began to decrease with the distance from the baseline wing and the best case. When the best case and the baseline wing are compared, the best case has the lowest vorticity strength on the plane at 2 m downstream of the wing. 
Flow field analyses

Conclusion
The study of the winglet design and analysis of the rectangular wing of MH 114 airfoil for solar powered UAV were presented. Design parameters of the winglet such as cant angle, sweep angle, taper ratio, twist angle and toe angle were investigated in an iterative process. It was aimed to explore efficient shape of the winglet using these multiple winglet parameters. Accordingly, the performance of parameters that constitute the winglet was investigated in terms of aerodynamic efficiency. When one parameter changes, how it affects aerodynamic characteristic of a winglet, which parameter has more dominant effect and which parameter has less dominant effect was analysed in this study. On account of this, in the first step, three different cant and sweep angles and three different taper ratios were chosen to examine the aerodynamic performance of them. Then, toe and twist parameters were studied for the winglet that has the best L/D ratio in the first step. Totally 39 different elliptical winglets were designed and analysed. Winglet span was kept constant because of the span limitation, and winglet height was limited depending on the variation of the cant angle. Numerical calculations have been performed to investigate the aerodynamic performance of different winglet designs and the baseline wing using Ansys Fluent 3D steady-state pressure-based SST k-ω turbulence model. Analyses were performed for different designed winglet models and the baseline wing for UAV cruise conditions (V cruise = 14 m/s, 1,000 m altitude and Re = 3,09,507). To examine the stall characteristic, the winglet which has the best L/D ratio and the baseline wing were compared at various angles of attack. According to the results of the analyses, aerodynamic characteristics of winglets and the baseline wing such as C L , C D and L/D were obtained and compared.
In the first step, the effects of cant angle (90°, 69.3° and 59.4°), sweep angle (0°, 15° and 30°) and taper ratio (0.2, 0.3 and 0.4) are investigated. Twenty-seven different winglet models were analysed, and the winglet which has the best L/D ratio was determined. CFD results showed that the winglet which has cant angle 59.4°, sweep angle Λ = 30° and taper ratio λ = 0.2 showed better performance than other configurations. It has the highest L/D ratio as 7.93% comparing with the baseline wing configuration. Then, this winglet was chosen to go further in the analysis to investigate the effects of toe and twist angles. Six different toe angles (−5°, −3°, −1°, 1°, 3° and 5°) and six different twist angles (−5°, −3°, −1°, 1°, 3° and 5°) were applied to the winglet that has the highest L/D ratio in the first step. Analyses results demonstrated that, the winglet with toe angle 3° (toe-out angle) has the highest L/D ratio. It increased the L/D ratio of the selected winglet from first step by an amount of 0.43%.
According to the analyses results, the winglet which has cant angle of 59.4°, sweep angle of Λ = 30°, taper ratio of λ = 0.2 and toe angle of 3° was found to be the best designed configuration with the highest L/D ratio. When comparing with the baseline wing, it improved L/D ratio as 8.32%. As a result of this, endurance and range of UAV was increased 7.81%.
To understand the aerodynamic effect of the winglet to the baseline wing, the best designed winglet was also compared with two different wings, namely the wing which has the same reference area of the wing with winglet and the wing which has the same span of the wing with winglet. Results reveal that the best case has better efficiencies than the wing which has the same reference area of the best case by about 1.76% for lift. Also, L/D ratio increased by 5.21% due to 3.51% decrease of C D value compared with the same reference area wing. Besides, the best case has higher C L , C D and L/D values of 1.36, 3.13 and 4.45% when comparing with the same span wing.
As a consequence, cant angle demonstrated more dominant effect on both C L and C D variations compared with other parameters. When three parameters (cant angle, sweep angle and taper ratio) are evaluated among each other, taper ratio has the major effect on L/D compared with others (L/D increases by about 2.15% when taper ratio decreases from 0.4 to 0.2 at sweep angle of 0° and cant angle of 90°). It is concluded from the analyses results that taper ratio has a crucial effect on the aerodynamic efficiencies of the winglet compared with the other parameters in terms of L/D variation. As a result, according to identified design algorithm, the winglet that has the highest L/D value was selected, and effects of parameters were examined on winglet's performance to increase UAV aerodynamic performance.
